We have created a novel high-throughput imaging system for the analysis of behavior in 7-day-old zebrafish larvae in multi-lane plates. This system measures spontaneous behaviors and the response to an aversive stimulus, which is shown to the larvae via a PowerPoint presentation. The recorded images are analyzed with an ImageJ macro, which automatically splits the color channels, subtracts the background, and applies a threshold to identify individual larvae placement in the lanes. We can then import the coordinates into an Excel sheet to quantify swim speed, preference for edge or side of the lane, resting behavior, thigmotaxis, distance between larvae, and avoidance behavior. Subtle changes in behavior are easily detected using our system, making it useful for behavioral analyses after exposure to environmental toxicants or pharmaceuticals.
Introduction
Zebrafish are becoming a popular model for genetic, developmental and behavioral sciences [1] [2] [3] [4] . They hatch from their chorions by 2-3 days post fertilization (dpf), develop fully functioning organs by 4-5 dpf, and exhibit a large number of behaviors by 7 dpf 5, 6 . Zebrafish larvae are ideally suited for high-throughput analyses because of their small size 7, 8 . Software is commercially available for automated analyses of behavior in larval and adult zebrafish [9] [10] [11] [12] [13] [14] . However, this software can be expensive and has limited options for measuring complex behaviors of zebrafish larvae in multi-well plates.
We created a novel high-throughput imaging system that is inexpensive to set up and can quantify a number of different behaviors in 7 dpf zebrafish larvae 15, 16 . The system allows us to quickly and efficiently test subtle behavioral abnormalities after embryonic exposure to a number of pharmaceuticals and environmental toxicants [16] [17] [18] .
The system was built using wooden cabinets, which house a digital camera at the top of the cabinet. The camera faces downward to the bottom of the cabinet where a laptop is placed with the screen facing up 15 . Time lapse imaging is used to capture the placement of the larvae in the lanes. Larvae can be housed in up to four multi-well or multi-lane plates which are positioned on top of the laptop screen. We use a PowerPoint presentation as an aversive stimulus to which the larvae respond by moving away (avoidance) and swimming towards the edge (thigmotaxis) 15, 17 . The images are imported into ImageJ in which an automated macro is used to split the color channels, subtract the background, and apply a threshold to identify individual larvae. Coordinates are listed for each larva in each image and can be inserted into an Excel file which we use to quantify avoidance and thigmotaxis behavior, fish to fish distance, swim speed, and amount of rest 16 .
Protocol

Collection of Zebrafish Embryos and Raising Larvae
1. Glass Pyrex dishes with "fake" grass (made from green yarn) (Figure 1) should be inserted into the tanks at dawn and left in for two hours in order to collect zebrafish embryos. The glass dishes containing the embryos should be poured over a handheld strainer and rinsed with deionized water. The embryos should then be grown in egg water. The egg water contains 60 mg/L of Instant Ocean in deionized water and 0.25 mg/L of methylene blue, which is used as a mold inhibitor. 2. Depending upon the hypothesis of the individual experiment, embryos can be treated immediately or during specific stages of development using toxicants or pharmaceuticals. The toxicants and pharmaceuticals are usually dissolved in DMSO (at a 1,000X concentration) and should be further diluted directly in the egg water medium.
Preparing Molds for Behavioral Analyses
1. Specially developed plastic molds which measure 11.7 cm x 7.6 cm x 5 mm were custom-built in-house. The molds are needed to create lanes using agarose which is poured into single well plastic plates from Thermo Scientific. The single well plates measure 12.4 cm x 8.1 cm x 1.2 cm. 2. The molds contain five lanes in which the sides are angled at 60°. The lanes in the molds are 3.5 mm high with a base of 18 mm at the top which is the widest whereas the bottom width is 14 mm. There is a 4 mm gap between lanes in the mold (Figure 2 ). 3. To prepare the lanes pour 50 ml of melted agarose (0.8% agarose in deionized water with 60 mg/L Instant Ocean) in a single well plate. The mold should then be placed very slowly on top of the liquid agarose to eliminate any bubble formation and can be removed when the agarose has cooled (which takes roughly 45 min). 4. The agarose lanes should be made no earlier than one day before the behavioral experiment is to be run (to avoid the agarose drying out)
The lanes can be stored at room temperature with the lids on the dishes for up to roughly 36 hr. The agarose lanes should only be used for one experiment and should then be discarded.
Image Capture
1. Up to 20 larvae can be placed in each lane of the plates. Typically 5 larvae per lane are used to facilitate the most accurate tracking of swim speed and to reduce the number of larvae that are needed per experiment. The lanes can be filled with egg water with or without pharmaceuticals or toxicants depending upon the experiment. However, lanes should not be filled up all the way until they are placed in the imaging cabinets; this will prevent overflow. For consistency, the larvae should have an acclimatization period of ten minutes after they are placed in the agarose molds and positioned on top of the laptop screen. Efficiently moving the larvae from the Petri dish to the agarose lane will help to reduce larvae stress. This is easiest when the larvae are housed in shallow tanks or Petri dishes. 2. The imaging cabinets include a Canon digital camera used for time-lapse photography and a laptop. The camera should be placed at the top of the cabinet and aimed towards to the bottom of the cabinet where a 15.6 inch screen laptop should be placed with screen facing up (Figure 3) . Four plates should be positioned by hand directly on top of the laptop screen. At this time the lanes can be topped off with egg water or chemical treatment so that it is level with the top of the lane (to eliminate shadows on the edges of the lanes in the images). 3. A PowerPoint presentation is used as an aversive stimulus for the larvae. In the past moving red balls were shown to zebrafish larvae in 6 or 12 multi-well plates 15, 17, 18 . The current PowerPoint starts with a blank white background for 15 min, followed by 15 min of a moving red bar on the top half of the plate (Figure 4) . In order to eliminate overheating the larvae, it is best to purchase a laptop with a screen temperature that does not go above 28 °C. To avoid evaporation of the liquid within the agarose lanes, the maximal imaging time should be kept to below one hour. 4. The digital camera should be programmed for time-lapse photography, taking pictures every 6 sec for a total of 300 images per experiment.
However, the frequency and length can be adjusted depending on the experiment and behavioral quantification. In the past extended imaging times were employed using longer intervals between each image. The camera can be set at a lower resolution for imaging at video speed (30 frames per second). While the lower resolution limits the recordings to a single multiwell plate, the video recordings are appropriate for imaging rapid swimming events 15 .
Image Analysis
1. The images should be opened with ImageJ and used with a macro that was specifically written in-house. The macro automatically splits the color channels so that the red color can be removed, subtracts the background, applies a threshold, and identifies the larvae by particle analysis. The most current macro for five lane larval analysis is Zebrafish_macro25k. Use the prompts in the macro to set number of images, color to be subtracted, image threshold, etc. 2. After all of the images are run through the ImageJ macro, a results file will be displayed and will contain x,y coordinates of the individual larvae for each image along with the image number and the lane number. 3. The results file should be saved in an Excel format and sorted based upon blank background vs. moving bar background and then the well number. An Excel template should be used that has equations built in that automatically determines placement of larvae in the wells, distance between larvae, speed of movement, and amount of rest. The most current Excel template is 25ib created in the Creton lab, which is available upon request. Graphs showing various treatment groups should be built into the Excel sheet along with t-tests for comparison between treatment groups and controls. Further statistical analysis can be performed using SPSS.
Representative Results
In our earlier assays, using the bouncing ball aversive stimulus, wild type larvae that are untreated respond to the moving ball by swimming down in the well (avoidance behavior) and towards the edges of the well (thigmotaxis behavior) 15 . We later confirmed that thigmotaxis behavior in this assay is a measure of anxiety-related behavior in zebrafish larvae 17 . There were significant differences in the larvae movement away from the ball and preference for the edge when compared to the blank white background. These behaviors have also been confirmed in our new assay using the moving red bar and are even more robust 16 . Moreover, we can now sample a larger number of behaviors in a single assay including swim speed, rest, preference for the end or side of the well, and distance between fish ( Figure 5) . Control larvae grown in egg water show an increased preference to be down in the dish and on the edge of the lane after they are presented with an aversive stimulus (moving red bar). Similar results are obtained when larvae are grown in egg water containing 1 μg/ml DMSO, a solvent that is commonly used to dissolve various pharmaceuticals and toxicants as 1,000X stock solutions.
. Figure 1 . Collection Trays. Glass Pyrex dishes are used to collect embryos from the adult fish tanks. Lids from the Pyrex dishes were cut and inserted with plastic grids and green yarn was sewn onto the grids in the plastic. This creates a breeding atmosphere for the adult zebrafish by mimicking the natural environment. Example of the behaviors that are quantified from our behavioral assay within the Excel sheet that we use for x,y coordinates of the larvae. The white bars show data from larvae exposed to a blank background and the red bars show data from the larvae exposed to the red moving bar in the PowerPoint. The graphs indicate the measurements that can be obtained from behavioral analysis A) Percentage of larvae down in the lane, B) Percentage of larvae on the end of the lane, C) Percentage of larvae on the edge of the lane, D) Distance between fish (mm), E) Swim speed of the larvae (mm/min), F) Percentage rest of the larvae. In the graphs shown, data is from treatment of larvae with DMSO control and several concentrations of a pesticide ranging from 0.001 to 0.1 μM (levels commonly found in the human diet). Click here to view larger figure.
Discussion
While we are continually improving our novel behavioral assay, it has always been useful for the detection of avoidance and thigmotaxis behavior in zebrafish larvae 15 . Many trials have been performed to optimize the results of the assay, such as color of stimulus used, ideal number of larvae per lane, and length of behavioral assay. Previously, we used multi-well plates (with 6 or 12 wells) 15, 17, 18 . However, recently we have created the novel lane mold to create a larger swimming space for the larvae allowing us to gather a larger number of behavioral measures in a single assay 16 ( Figure 5 ). Other modifications include variations of the PowerPoint shown (altered movement or length of assay) and the size of the lanes used (we also have molds for more narrow lanes).
Currently, this high-throughput automated system is unique in its ability to measure a large range of behaviors in zebrafish larvae at the same time such as speed, avoidance, proximity to other larvae, and thigmotaxis in multi-lane plates. Results can be obtained quickly and a large number of larvae can be analyzed at the time of imaging. The system is both inexpensive to build and quick and easy to set up. A limitation of this system is that 3-D movements cannot be assessed in the zebrafish larvae. Automated systems that track adult zebrafish have the 3-D capability and can identify a wider range of behaviors such as movement up or down within the water column 10, 19 . Another limitation is that our imaging system is currently not optimized for high-throughput analyses at video speed. Video speed imaging is possible when setting the camera to a lower resolution 15 , but this restricts the analysis to a single plate.
In using the newly created "lane" method, several parts of the assay needed to be executed in a precise manner. When placing the larvae in the lanes, it is critical to make sure the level of liquid is very shallow until the plates are positioned on top of the laptop screen. If the lanes are too full of liquid, the larvae will escape into the periphery of the plate. In addition, when inserting the mold into the agarose, care must be taken to lower the mold very slowly. If the mold is inserted too quickly, bubbles will form in the agarose and will be identified by the Image J macro as additional larvae. It is advised that if the agarose lanes have even a few bubbles, it is best to make new ones.
In the future, we would like to optimize our behavioral assay to analyze other complex behaviors such as learning in zebrafish larvae and examine how learning may be affected by exposure to toxicants and pharmaceuticals in early development. We are currently working on assays that may be useful for analyzing learning behavior in which the behavioral results may facilitate determining which brain areas are affected by certain toxicants or pharmaceuticals during development. Automated assays have been developed for measuring learning behaviors in zebrafish larvae 20 and these assays may be amendable for high-throughput screening by using the robust avoidance response in multi-lane plates.
We propose that this behavioral assay could be used in future studies for testing the developmental effects of a large number of pharmaceuticals and toxicants. Such studies would provide a wealth of information on specific risk factors and contribute to setting better health and safety guidelines for pregnant women and children.
